Abstract: A popular hypothesis for the noted steady decline in the population of Steller sea lions, Eumetopias jubatus (Schreber, 1776), in the regions from Prince William Sound through the Aleutian Islands relates to their nutritional status. Sea lion diets appear to have shifted from primarily small schooling fatty fishes to low-fat fish such as walleye pollock, Theragra chalcogramma (Pallas, 1814). We examined the seasonal changes in proximate nutrients of pollock collected in the Bering Sea. Mean energy density (dry mass) of pollock peaked in October then declined and remained low throughout winter. Energy recovery occurred in the summer months with strong recovery observed in female fish caught in July. Contrary to whole fish carcass energy contents, both total protein and moisture contents were at their highest levels in winter (January) when total crude lipid content was at its lowest (p < 0.05). This trend gradually declined to its lowest levels in the fall when lipid content was high. The decline in total lipids during winter seasons appeared to parallel gonad development during the prespawning period. Sex differences in energy densities were not found. Proximate analysis data for moisture, protein, ash, and lipid content also did not show any significant variation between males and females. Protein digestibility of pollock was higher (p < 0.05) in the summer than in the spring, but not different for winter or fall. We concluded that the nutrient content of walleye pollock may have some impact on the Steller sea lions that feed on them, particularly the energetic value that appears to be low during important feeding periods for this marine mammal.
Introduction
A dramatic decline in Steller sea lion, Eumetopias jubatus (Schreber, 1776) , populations west of Prince William Sound, Alaska, began in the late 1970s (Trites and Larkin 1996; Loughlin 1998 ). In addition to potential environment-related factors influencing sea lion populations, there is an equally important theory that Steller sea lion health may have been negatively affected by an increase in dietary gadid consumption, such as walleye pollock (Theragra chalcogramma (Pallas, 1814) ) in the Gulf of Alaska and Eastern Aleutian Islands, and a corresponding decline in the small, fatty schooling fish such as sand lance (Ammodytes hexapterus Pallas, 1814) (Alverson 1992; Merrick et al. 1997; Trites and Donnelly 2003) . Changes in the nutrient composition of these species and abundance of forage fish in Alaska occurred rapidly in the late 1970s, possibly as a result of longterm environmental changes and the unusual mortality of juvenile and adult fish owing to disease (Van Pelt et al. 1997; Paul et al. 1998b; Anderson and Piatt 1999; Trites et al. 1999; Benson and Trites 2002) .
Estimates from 1973 to 1978 indicated that 58.3% of the Steller sea lion population in the Gulf of Alaska had diets that predominantly contained walleye pollock (Brodeur and Wilson 1996) . Other studies have shown that diets of stable and increasing populations of Steller sea lions were more diverse, thus implying that diets dominated by pollock may have played role in their decline (Merrick et al. 1997) . A captive feeding study found that juvenile Steller sea lions lost mass when fed exclusively pollock. This observation was not apparent when sea lions were fed Pacific herring (Clupea pallasii Valenciennes in Cuvier and Valenciennes, 1847) (Rosen and Trites 2000) . Other known adverse changes in physiological status, including induced anemia attributed to decreased erythrocyte counts, have been attributed to the high consumption of gadoid fish such as pollock (Merrick et al. 1997) . A former study from our laboratory concluded that the energy content was a primary factor limiting the nutritional value of pollock .
Dietary feeding patterns and prey consumption by Steller sea lions vary seasonally, and likely coincide with the breeding behavior of males and the pregnancy and lactation demands of females. Changes in environmental temperature also influence the demand for body fat stores for insulation, with colder temperatures of winter months resulting in greater food consumption. Longer durations of time that sea lions spend in the water will result in increased body heat losses. Collectively, behavior and physiological demands require an adequate nutritional status to build up body fat stores and insulate against loss of body heat (Kastelein et al. 1990 ).
The following study examined seasonal variation in the proximate composition and energy content of whole walleye pollock that are eaten by Steller sea lions. This information is useful for understanding, in part, the magnitude of energy transfer and essential nutrients from prey sources, such as pollock, to sea lions.
Materials and methods

Physical measurements
Walleye pollock were caught in the Bering Sea, Alaska, during September and October 1998, and for 7 months in 1999 (January, February, March, July, August, October, and November). Some months were missing owing to periods when no fishing occurred. Pollock were frozen on the fishing boats (At-sea Processors Association, Seattle, Washington) in boxes after catch and transported to the University of British Columbia or the Vancouver Aquarium Marine Science Centre where they were stored at -18°C prior to processing. Fish were thawed overnight and only good-quality uniform whole fish samples were selected for analysis.
Fish morphology was evaluated using mass, girth, length (standard length), and mass of gonads. A gonadosomatic index was determined based on the formula of (gonad mass / total body mass) × 100. Subsequently, the fish were ground in a Hobart silent cutter, mixed, and bagged under a vacuum seal. Subsamples (n = 3-4) of the mixed ground fish (15 g) were collected and refrozen in vacuum-sealed bags until ready for analysis.
Proximate analysis
Moisture content, crude protein, total crude lipids, and ash content were measured. Moisture determinations were made on 3-5 g wet fish samples, dried at 80°C in a vacuum oven for 12 h (AOAC 950.46; AOAC International 1995) . Dried samples were ashed in a muffle furnace heated at 550°C for 32 h to determine the percentage of crude ash (AOAC 920.153; AOAC International 1995) . Crude protein was determined using the Leco method (AOAC 992.15; AOAC International 1995) . Air dried samples (0.25 g) were combusted in an automated Leco FP-328 nitrogen analyser (Leco Corp., Joseph, Michigan) . Nitrogen values were multiplied by 6.25 to obtain crude-protein values. Total crude lipid content was determined on ground fish using the Folch's double phase method (Folch et al. 1957 ). Fish homogenate sample (2 g) was mixed with 50 mL Folch's solution (2:1 solution of chloroform-methanol), filtered, and left standing for phase separation. An aliquot (5.0 mL) of the chloroform layer was removed and evaporated to dryness to determine total crude lipid content, using the gravimetric method.
Gross energy analysis
Energy density was determined using an adiabatic bomb calorimeter on vacuum-dried samples. The results were reported as kiloJoule per gram dry mass.
Protein digestibility analysis (in vitro)
In vitro digestibility of fish sample was determined according to the method of Yuan et al. (1991) . Briefly, ground fish samples were suspended in distilled water and the pH adjusted to 1.9 using hydrochloric acid. Pepsin (porcine stomach mucosa 1 : 10 000; catalogue no. p-6887; Sigma Chemical, St. Louis, Missouri) was added to the suspended fish solution, and samples were placed in a shaking water bath at 37°C for 30 min. Samples were then adjusted to a pH of 8.0 and incubated with pancreatin (porcine pancrease; Sigma Chemical) and incubated again at 37°C in a shaking water bath. At defined 1-min intervals, aliquots were removed over a 30-min period and deproteinized with 20% m/v trichloroacetic acid. TNBS (2,4,6-trinitrobenzene sulfonic acid) was added to each sample to measure protein digestion products. Protein digestibility was determined from the initial slope (e.g., 0-10 min) using linear regression analysis of TNBS absorption-time data. Relative digestability of different fish protein sources was made in comparison with a casein protein standard (sodium salt; ICN Nutritional Biochemicals, Cleverland, Ohio).
Fatty-acid analysis
Fatty acids were measured from the chloroform layer by evaporating aliquots (10 mL, in duplicate) under a stream of nitrogen gas in a warm water bath. Lipid extracts were saponified with 0.5 mol/L of methanol -potassium hydroxide (2.5 mL) in a 50°C shaking water bath for 1 h. The nonsaponifiable materials were removed using petroleum ether. The saponifiable lipids were derivatized with 5.0 mL of boron triflouride in methanol (Sigma Chemical) in a boiling water bath. After cooling, hexane (2.5 mL) was added to extract the fatty acid methyl esters. Fatty acid methyl esters were analyzed by gas chromatograph (Shimadzu GC-17A; Shimadzu Scientific Instruments Inc., Columbia, Maryland) equipped with a flame ionization detector and an AOC 1400 auto injector (Shimadzu Scientific Instruments Inc.). Samples were injected onto a silicone fused Omegawax™-320 capillary column (30 m × 0.32 mm inner diameter, 0.25 µm film thickness) (Supelco Inc., Bellefonte, Pennsylvania). Helium was used as the carrier gas. Injector and detector temperatures were 200 and 220°C, respectively. The column temperature was set at 220°C and the column flow rate was kept at 1.9 mL/min. Identification of fatty acids was determined from known standard mixtures (fatty acid methyl ester mixture #189-19, Sigma lipid standard; Sigma Chemical).
Statistical analysis
All analyses were conducted in triplicate samples and the results are expressed as means ± SD. Statistical analysis was conducted using analysis of variance (ANOVA) with Tukey's post hoc tests performed on individual treatment means to determine statistical difference. Kruskal-Wallis and MannWhitney tests were used on results that required a nonparametric ANOVA. Logarithmic transformation was used to normalize data that exhibited heteroscedasticity prior to performing parametric tests (one-way ANOVA) (Zar 1974) .
In this study, walleye pollock were divided and reported by seasons based on the months in which they were caught. These included winter (January and February), spring (March), summer (July and August), and fall (September, October, and November). Some months were missing owing to periods when no pollock fishing occurred.
Results
The morphological data of walleye pollock samples collected from the Bering Sea are shown by the month of catch (Table 1 and Fig. 1 ). Samples collected in the summer of 1999 (July and August) exhibited a marked reduction in body mass compared with fish collected in the winter and spring of 1999 (February and March). This mass reduction coincided with the decline in gonad mass in the summer, following a peak increase seen in the prespawning months of February and March (Table 1 ). The August 1999 samples appeared to comprise mostly younger class fish (averaging 270 g in both males and females), which were smaller (p < 0.05) than the average mass (over 500 g) of fish collected in other months. The mean standard length of these fish was 32 cm, which indicated that these fish had attained maturity (Smith 1981) . One possible explanation for this mass discrepancy likely involves the limitations of sampling fish from commercial fisheries.
Seasonal changes in total energy density of both male and female walleye pollock are shown in Tables 2 and 3. Gross energy values were lowest during the winter months and highest during the fall in both males and females (p < 0.05). The maximum energy content occurred in October, but declined in November and remained low throughout the winter. Some return of total energy recovery was seen in the summer months for both males and females, with a strong recovery observed in females caught in July. Although the energy data displayed some variation between males and females in some months, there was no statistically significant difference in energy density between genders in this study.
Changes in proximate analysis for both male and female walleye pollock at specific seasons are presented in Table 3 . Peak moisture contents occurred in January (winter), but slightly declined afterwards, in both sexes. The moisture content remained relatively stable during the spring and summer months but declined markedly in fall (September- November) months (p < 0.05). Similarly, the protein content remained relatively constant during the spring and summer months before declining to the lowest level during fall, losing about 9% of the peak level seen in the winter months. Contrary to the moisture content, the total crude lipid content of fish carcass peaked (p < 0.05) in summer (July and August) and gradually declined in fall, to a minimal level in winter, with the lowest content observed in January (p < 0.05). Fish carcass lipid decline paralleled gonad development as maximum lipid loss occurred during prespawning months when gonad mass increased rapidly before spawning (Table 1 and Fig. 2 ). The proximate analyses data for mois- ture, protein, ash, and lipid contents of whole fish carcass were not significantly different between fish gender. The relative difference in protein digestibility of whole walleye pollock (combined sexes) during different seasons is shown in Fig. 3 . Pollock caught in the summer displayed higher protein digestibility relative to fish caught in the spring (Fig. 3) . A large variation in the estimates of in vitro protein digestibility was also found for whole fish caught in the summer months. It is noteworthy that the relative differences in seasonal protein digestibility of pollock were not related to the seasonal essential or nonessential amino-acid composition of these fish (Table 4) . The results of this study indicated less than half of the amino acids in pollock constituted essential amino acids (37%-39%). Predominate essential amino acids were leucine, lysine, threonine, and valine, while the nonessential amino acids included glutamate, aspartate, and glycine. There were also no significant seasonal differences in the amounts of individual essential or nonessential amino acids in whole fish (Table 4) .
Fatty-acid composition of walleye pollock is presented in Table 5 . We identified and quantified only 11 fatty acids; the most abundant fatty acids included palmitic, palmitoleic, linoleic, timnodonic, and cervonic acids. The concentration of long-chain omega-3 fatty acids appeared to be highest during the summer, owing to a significant increase of timnodonic acid (p < 0.05). The other omega-3 acids (α-linolenic and cervonic acids) showed no significant variation, although the concentration of both dropped slightly from spring to summer.
Discussion
The total energy values of whole pollock carcass we measured were consistent with those previously reported for pollock and other gadids. Total gross energy values for adult pollock reported by Smith et al. (1997) were 3.3-5.8 kJ/g wet mass and were dependent on the reproductive cycle. In comparison, Pacific cod (Gadus macrocephalus Tilesius, 1810) have energy content values of 3.8-4.1 kJ/g wet mass (Smith and Paul 1990 ). Our pollock samples had mean energy values varying from 21.27 kJ/g in winter fish to 22.65 kJ/g in fall fish, based on the dry mass of the combined sexes (or 4.86 kJ/g in winter fish to 5.82 kJ/g in fall fish, based on wet mass).
Seasonal differences in walleye pollock carcass were noted for total gross energy and crude lipid contents. The variation pattern in energy density appeared to parallel those in the crude lipid content. In both instances, male and female pollock contained greater energy reserves in the form of lipid during the summer (July and August) and early fall (September and October), indicating that the energy intake was larger than the energy expenditure in those months. One explanation for these differences likely involves the feeding behavior of pollock, which changes with the season (Ciannelli et al. 1998) . Gross energetic values that peaked during summer and fall have also been reported in other species like capelin, Mallotus villosus (Müller, 1776), and Pacific herring (Montevecchi and Piatt 1984; Lawson et al. 1998; Paul et al. 1998a) . Pacific herring and capelin are also seasonal feeders that accumulate fat stores to sustain themselves during winter temperatures (Robards et al. 1999) . This similarity in feeding behavior may be related to their spring-spawning nature, as walleye pollock also spawn in spring (March).
While the energy density in walleye pollock was highest in the fall, the energy values in winter and spring were lower, corresponding to the declined lipid content found in the winter and spring months. These changes can be explained partly by a food shortage, or lack of prey availability during winter seasons, when lipid reserve is used for energy. Although feeding may be reduced during winter, energy ex- Note: Significance of season, sex, and season × sex according to the p values from parametric (ANOVA) and nonparametric (Kruskal-Wallis) tests. *Data for these variables were log-transformed to determine their significance. Table 3 . Sex differences in proximate composition and energy content of walleye pollock. Table 4 . Seasonal changes in essential and nonessential amino-acid compositions in walleye pollock expressed as a percentage of total amino acids. ary and March when the gonadosomatic index reached 9.16% in females and 4.31% in males. These values are slightly lower than the gonadosomatic indices described by Maeda et al. 1981 , which exceed 5% and 10% in ripe male and female pollock, respectively. Maeda et al. (1981) reported that walleye pollock, like other gadids, do not feed during the spawning period; therefore energy changes during spawning consists of reallocation of previously acquired energy and do not involve significant acquisition of new energy (Smith et al. 1988) . Adult pollock lost about 46% of the total available energy in ripe fish during spawning, whereas Atlantic cod (Gadus morhua L., 1758) used up 30% of the total energy available for spawning (Smith et al. 1988) . In a study working with mature and immature Atlantic cod, Eliassen and Vahl (1982) reported that the total energy used for spawning, including gonad growth, spawning activities, and metabolism, accounted for about 30%-34% of the energy loss during the prespawning months. Of this, only 10% of energy was used for gonad growth. Unlike adult pollock, juvenile pollock allocated considerable energy into summer growth but did not develop energy stores for overwintering (Robards et al. 1999) . Despite this fact, juvenile pollock maintain and improve their energy content over winter, suggesting that they continue to feed (Paul et al. 1998b) .
Protein digestibility of walleye pollock was highest in the summer. Variability in protein digestibility can occur from variation in amino-acid composition of different protein sources. Among the essential amino acids found in pollock, leucine and lysine occurred in the highest amounts. Konosu et al. (1956) also reported high contents of leucine and lysine in the flesh of walleye pollock. However, higher contents of essential amino acids were reported in their study, making up about half of the total amino-acid content. Their results, however, were based on the fish flesh only, whereas our amino-acid values were determined from the whole fish carcass. Landgraft (1953) reported similar values of essential amino acids to ours in his experiment with Alaska pollock caught near Petersburg, Alaska, during the fall. He also found that the essential amino-acid content of walleye pollock compared favorably with that of beef liver and salmon eggs, both of which are considered to be good-quality protein sources for animal-feeding purposes (Landgraft 1953) .
Walleye pollock make up a significant portion of the diets of many sea birds and marine mammals, particularly Steller sea lions. Understanding seasonal variation in nutritional values of this important prey can lead to a better understanding of the reproductive success of their predators. Seasonal differences in nutrient composition of pollock can affect Steller sea lions that seasonally change their feeding behaviors at various times of the year. The seasonal change in energy density of pollock appears to be disadvantageous to the sea lion when considering their seasonal feeding habits. The low level of energy in pollock during winter may be inadequate for young sea lions that need to build up the necessary energy stores to sustain themselves throughout the winter and spring. Most growth in wild Steller sea lions occurs in the months of November and March (Winship et al. 2001 ), when energy deposited into blubber reserves are directed for subsequent use during the reproductive seasons (Pitcher et al. 1998; Pitcher et al. 2000) . The high energy density and high level of protein digestibility found in summer pollock, however, are likely not as beneficial to sea lions as territorial male sea lions are fasting during the summer breeding months. Kastelein et al. (1990) also found that the food consumption of a captive adult male Steller sea lion was less than its average monthly food consumption between April and September. In terms of protein quality, it is unlikely that the small differences in amino-acid content between seasons would affect the health of sea lions because pollock protein does not appear to lack any essential amino acids and contains good amounts of amino acids in all seasons. It is of particular interest that long-chain omega-3 fatty acids may be different between seasons and therefore more studies in this area of lipid quality is warranted.
